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Abstract In this study, effects of bonding agent, e.g. epoxy, on the behavior of fundamental guided wave modes
propagated in FRP plate bonded on a concrete, are investigated. Global matrix model of multilayered
FRP-epoxy-concrete system was constructed to obtain the velocity and attenuation dispersion curves of the
fundamental A0 and SO modes. Two variables, thickness and elastic modulus of epoxy layer, were considered in
the dispersion analysis. It was found that both the thickness and the elastic modulus of epoxy layer greatly affect
the phase velocity and attenuation of SO mode while those are negligible for A0 mode. Based on the results, it
was concluded that SO mode is more effective than A0 mode for bonding condition assessment for FRP plate

bonded concrete.

Keywords: Guided Waves, NDE of FRP Plate Bonding Condition, Mode Dispersion Analysis, Bonding Condition

1.4 & AAEE AL 714 E3YE F2EY AMSAS
AAAE FH oA wjg Fag FA ot

ZAYE FREL TE L 5 d54/% TAYE FZ FAY FTFHA wet s 2
A7 4l S ot theket &4 dsiot i F/BZ FHol AAEHALH, 53] nigolut
A, olgdt &4 die FIYE FRE Bl 2o 3 B RUE A3 Asd udt
o] A% AE o/lste Aol wEM e FE B FHOE R F2 FHo] go] AMgH
Eo F22~d F9&5 42 & vk g o B9 232 3y Fdoly FRP #3 22
olg g &4 dao g HHE Ry /PSS BRRS 3 BA9 ug Wl n3= HAEA 5

[(A4Y: 2012. 1. 5, $£4Y: 2012. 2. 9. AATAHD: 2012. 2. 10] *FANSGw FFohst o+AF 83}, T Corresponding
Author: Department of Safety Engineering, Pukyong National University, Busan 608-739, Korea (E-mail:
shinsw@pknu.ac.kr)



H) 33 AAeE] A #3238 A1E (20129 29) 35

£ o] &3t BF BAste welw, 53 A% e BRA9s ZIETS 2dgsta B
o vl FRP &L ti7]d =& ugx ¥ AHZQ epoxy T= FAlIStS sfiXste F-97F
o] BAE 7t oA YF FH ==d Bou, AAl A1F AN epoxyd] BEE FAE
ZAZE 3 FAY BEA FE AEET (1] FRP 79 vl dS w FAE = s A=
S, FRP B3 §-2 I o FAYE F 2 FABZ epoxy Tl gt FEFE W=A 17
ZEY H7 A%S FRP By ZaEY stejor gt
2 A el wig & o]7] Wi B 2 =RoAe EAS §2 Ay B3 fx
o] EFF e KA EFF o] EAEAY, 29 7IHE antgos HEsr] 93 4H
2 Aot 8 Ae HES BYF 45s 7 1 ATFEMN, epoxy T FAL} =4 WU F
3t7] olgvh2]. WebA FRP B3 23 I ExEy RO i EA vXe JFS &
a3l HES 9si= FRP X7E3 E37 Astnzat stk §3], o8 RS9 BE Fd
Eo J& Aeo] digt Hrrt vrEA AA A BT HAL Aol go] AHREE 7R REQ
oF sttt A0, SO =29 Aw} EAS ¥2I3le] FRP X7

BAws ZAYES RFR AYE HgHHo o 73 e Frte a3 7|2 RE 7p
2 ZHAete WHoE HAT|ge] Zuks F Y Fog Y s golRaz sk
A AL 7] 7]E AFHA T [3.4], A=
713t 71k 71 A9 &8 Mz w9 aivtol 2. 2dg gl oS iy
3, el HAALE F Ae FFo] wg FobA
ARG HAre] E&Ao] Yol ARA B 2.1, 22¥
Ao g AMGEt7] o EAHC] Atk ol o
g HA7)9 78k HE ARAHoR giAg FRP H7rgho] RztEl ZaEqAMY f=
U ohFe vIFAHAL e gk A7t o S 7= Ad EA AN epoxy TS E
FolRa 9lom, I FAMNE H IS g 3l7] $18bed, Fig. 13 o] fFxxS3 Ax}
of A & oA HAY ZEAol 5T A
o2 4Ed AEEST7He] BAgR B3 A o7 mdy sgon, A Rdda AEd

Bt 71€24 %ol AEH Atk Castaings 5
2

[5]= & &% F309 277 =239 A
3 Sxe wXe Fge uig A¥H AFE F
gatod, 2 B 7o HAo 5 xS
3 REol Ag £TE ol&3sle WHS ALt
o1, Luangvilai S[6] F& £F T3k &
Aol & FEZ5T RE HE 54 og 4
A ATE FYsA, °]E2HEH BE #HES 7
27 7 "X HEF AL AbstiAh
PEAEIO 2 Kim §[7]2 FEZey 7N BF
&4 g&x]o] AlZF WEH(time-reversal) 7| o] &
7HsAS AFHOZ YolE Yt o9 R
e Frlo] fFExS9E Fgsua e g%

ATEe] Jout RE FF A OE &

b REd 47
otk 58, Bywo] PH maEdMel §
227 A% 540 B AU AT M=

E
k]
) Al
2~®]-8 FRP-epoxy-concrete® 1A E TF A|2H
A
9o EAL Table 1°] Attt durzo=z
FRP= o4& 7FA3 9lem FRP plyd A5
walo] uhel Zh W BEAdo] dEkd 4 A
7, AZF FRP ¥ 7% FRP plyd HIF =+
W gzt Wyt Frhetd T wel Asel
243 D8] FRP B3 B3 FHoA AL
&3l FRP ¥ dWtd oz FAYE

2ol 2wE IS =
g plyE s meEd A

wAae 42s Z=E AFste Aot Bgoh
A B AFA=

Az 3P A BdoA FRP HAFH-S

Table 1 Material properties

Materials p ( kg / m® ) v E(GPa)
FRP 1600 0.38 165
epoxy 1650 0.39 11.2

Concrete 2300 0.2 25




36 o]-&F, A+
I o= ¥
i 1.6 mm
x —
EReny :?d(mm) Aq71A Gl dsAzEe dig dgaHol
1, AQPE 4 Z4 T FEIY =79
i st @elH, 4 TY AR 2 7leEr &
conerete T g o) W) qtio). Ae@AY 7 ¥E
< Az AHE 1HEIA &S A FHF
(frequency; w), I (wave number; k) =
vetdo. gd, A )8 wEste f83E T+
Fig. 1 FRP-epoxy-concrete model 7] Qs Toew go] Mool Y2
(determinant) ko] “0”°] Zojof 3t}
ZAYE viegdol dig 2AS F32 FH Al
wol AlgEE SIKA®ALS] AHZ CFRP #9) Sf(o,k)=det[M]=0 3)
CarboDur®2 o] 43t9om & F7AE 1.6 mm ©

o 9] @9, FAYUE T
2 ueste] vl dnby
AHEstslon, ZATES 3
AL ES F4& AT PRAIT .2, FRP
0
o

ooV

o F2 FHAA epoxy

A 03 mm FEo] FAR =¥}

e}, A4 AF BN A = T
zAe7)7h @] WRel & AFolAE of

e

WEEA 1Y

uj

ol)lv

>

>

i

o
Kot N g N

~
—
~

u
{_} =[D]{4}
o

71 [Dle FHLolx, (A} *
olty. 7t Fritt FAE REI P
o] Zy AA A AAX UFHHE
sto] AA Azdel u@ shtel I

AGYY WA O the A ol

ok OD:I‘—{U(Z
o +~ K
J}mo}d#
20> N > &
T o ore W

4o
o,
o ox

Hed A wEsE Fusd d4E
9

Akel ojsf Frow, o2 FE A

ste RE R et A3 549 59 3
& A A4S 78+ JA " B ATelA
= 718 FEZE% 2R 24k 4L T
gt AgPBA Y HE AR ZEaUd
DISPERSE"S ©]&3}o] 3l Ati[11]

g, A =delN FEZSTY THE A}
£ AFo) w2 ANF 723 (material damping)ol] <]
g axlm AAxHY wE Fi &4
(transmission loss or leakage loss)oll 2]+ 7Ha] &
od yHolx AAE & vk 53] B &

& AAxY Wtdd wetd £ FR(F,
2 A=yl 28AE 40 Aok =
A% epoxyZel Wt

Ak,
kim
S “

271010 o
B4e Az
g A ¢ "o Yz pAEGE AL
o EH, k9 k,t A7 Bis w0 s
A

Aded sl A2 olu11]

© 8
>
aY)
s
ﬁ :
©
o
offl
o
e
o



v 3} 2] AALEE 2] A|328 A1E (2012 29) 37
38 A3 9 B g o = epoxy Foll W 2B E A XY
Bx )4 Azt e FFo] wfj¢ Fe AL
3.1. Epoxy 77 Wgld & 54 ¢ & Utk oy HAAE A0 R AL
epoxy =©°|4} concrete =R U= FRP S22 T
Epoxyd FA7l f=Z53 7|1 R As FE9 AqYAt HAuEr] WEoez woHETh
EAd e GFE Lolr ] 93, epoxyl Fig. 4% 100 kHzol A1 2] A0 Z=of digh W
FAZ 0mm, 0.1 mm, 0.2 mm, 0.3 mm& H}S] U A Y = (strain energy density) #¥Z UEJITH
A e FAEAT. A7]9A epoxy T A & F A5l epoxy T2 FA WHIlo}
0 mme epoxyE L SHA 2 7J-%-9ke] HluE BAGe] AU BE7}F WS AAs, w3 o
Qste] ZF3sATh HEol BEdUA 7} FRP 24 ATdHE AL
Fig. 2= ©}&Fek epoxy F7o thdt AR EZ=2] g1g 4 St o|Z2HE, A0 EE9] A$ IF
A¥EE E4F FAdolth A0RE=9] B 4% NR|7} FRP Fo2 Ulfi Hutsy Rz 7
Z= epoxyT/l Wslel d@gle] A AN & 59 epoxy TOl A0 RES] ATl A9 P
T8 /A AL ¢ 4 U Fig 32 g FS PAA @y Wi, 7 B 77 &4
epoxyFAll e A0 BE9 A EA ZHo) o] A0 BREES o|&% A, ©§A RZAE7}F do}
o AOREE Fogrt SUHE we 3ae = arHolA] & Aoz A 4 Yt
e ARHo=Z F/SIAN 944 &= A 39, S0 =9 A A0 EES’Jr% 02
WA Z epoxy FAY WIE A0 RE=o 7 o] Yehdt} Fig. 5E S0 RE=9 A &5 B
el & 9FS nxA g Aoz vEyth FAoltt S0 BRE+ ¢F 110 kHz HZdA &3
wetx ol Fut i YS AMSITEE A0 B YES Ay &£l oF 2130 mis o= 5
TE BEAR RF 23 gXo o8¥ A H3tA 01 Bt $@e Fag gioddig,
epoxy &9 FA gk Y gls HAO=E epoxy 9 FAC mE ME G2 A4 &5
A o, nTtAE A0 BEQ AT 3 7hRth 53], oF 20 kHz F2oA 7P @2 9
1980 i
g 190 N\ 01
57940 | Epoxy : 0.3mm
% Epoxy : Omm
g "0 | iy Bidmm
é:“j 1500, 1 Epoxy : 0.3mm
4880 Concrete : 250mm
0 0.05 0.1 0.15 .2 !

Frequency (MHz)
Fig. 2 Phase velocity of AO mode for various epoxy
thickness

01

Attenuation (dB/m)

0 0.05 0.1 0.15 0.2
Frequency (MHz)
Fig. 3 Attenuation of A0 mode for various epoxy
thickness

0 0.02 0.04 0.06 0.08

Fig. 4 Strain energy density distribution of A0 mode
at 100 kHz
2150
% 2130
E Epoxy : Omm
2 2110: 7 Epoxy : 0.1mm
g Epoxy : 0.2mm
o] Epoxy : 0.3mm
> 2090 f
2
@
=
a 2070
2050
0 0.05 (0F| 0:1&6 0.2

Frequency (MHz)

Fig. 5 Phase velocity of SO mode for various epoxy
thickness



38 o) g7, A4S
F SEge ez, ond Fisr} Fre

o AFEEE S7FskARL epoxyel FA7E FA

TS S S e & F Al Fig E natis | Eoow 0.1
6 S0 RES 7] B Fdojth 94 &= e oz
24 AN} BHAAAL cpoxy FAN Wk T

A 7 Babel thEA dehiu, F3k4 g £ 0.005

o A4 S} YAD SEz 5
Fos PGNAE epoxye]
s 247 A wASA o
Awk, olHTh WE FaF G E epoxyd]
FAZ FALSEE FB 2L BoHoR =)

=y

Hgste AL AT F Atk ole £ 714
fes)
-

=

P ALd=E EEXE YEerdTh

o) =

AR (e}

W A0 R=o MFAYA Fad HEke] Fig. 7
29 Af ZAYE FolA o

b oty et epoxy 59 F

Aol wetd ZAE FAe] duvA EEx
9= RS AT+ doh By oy Fig
8ol Al vERH HEel Zo] epoxy To FAZE FA
275 epoxy Tl AWVA A7t Frleke
AL AT 5 gloy, ol= FaFa el

S|

FAZ FAEFE 27 95

Y

T
o
o
m
o
-z
b
X
2
ol
o
12
o,
N
1)
o

o

Lo o o
=
)
N
N
ol
N
fir
9
ot
X,
o
inf

o
[ oy
i
»
e
L

2
)
1°)
o
Ml
s
N
)
1%
S
td
(1
o
=)
rr
of
ot
o

oot f1oig o dr M [0 2 ox Hz
I o
o
>
il
>
P4
2
_|<_.">_‘
e
o=
fE
-
o
Ly
S

rr Pu fo

ol dlo 5
i
Lo
N
oft
)
1
2
2
Al
g
ol
[

[

0 0.05 0.1 0.15 0.2
Frequency (MHz)
Fig. 6 Attenuation of SO mode for various epoxy
thickness

Epoxy : 0.1mm
Epoxy : 0.2mm
Epoxy : 0.3mm

Concrete : 250mm

r T T T |
0 0.001 0.002 0.003 0.004

Fig. 7 Strain energy density distribution of SO mode
at 100 kHz

_— Epoxy : 0.1mm

/Epoxy 0.2mm
Epoxy : 0.3mm

T T T |
0 0.001 0.002 0.003 0.004

Fig. 8 Enlarged strain energy density distribution of
S0 mode at 100 kHz(focused on epoxy layer)

3.2. Epoxyd EA W3l u}

il
A
X,

o,

HEAQ epoxyd] A=t BAH 2L =
A 25 EC mebs uie & F
o] vehg Mk ojysl, BAW B3I AF
AHE3E epoxye ABHA FFo) iyl w
HAZ epoxye] EAol WS ©E2A YEdnh

[12]. w&}A, FRP B F= AlF Aol epoxy
o ¥ FAZ AAFA AT E=I 2w
o] Rzo] ¥z ozt A EE, FIF Ul



v 9} 7] AALEE A A32d A1s (20129 29) 39

o epoxy®] EAJo] Aol FIto] EAE F
53], epoxy®] 7ol oldt FrA=
o] A & om, ARHOZ HAY
1Qlo] 7= ghr[13,14]. @

S 7t Al

4o ® 0
o
i f ox o\
wr o o
T o SN
o 3
Ll
- 1o ok o,
ot
N
e o 32

i)
fo
N

k)
>
rE
)

"

oX oft
)
et

fr ol

of o
b %2

o
o
Lo S
f

re
e 4

=
)
[o
X
Of
ol
lo,
N
)
%
o
LS/

o @ o “
N
5=
oy
|
tlo
X,
o

o,
E
)
2
Lo
e
of
od
rﬂ
l d
KAy

o, epoxy

T

=

_?L

3
P

o

X

oy =

4 o do o

o o oy
o o Y K

X L X

A epoxy?d & =
R7] $3 epoxye FA= 02 mmZ
3, FRP #e] FA 9} £237EY FAZ vizrt
A2 Z+Z 1.6 mme 250 mmE 1Y T
Epoxyd] ©AA4F= 71& &A1 11.2 GPadl
X 242} 44%(6.3 GPa), 65%(3.94 GPa) #4ad 7
T2 anEste sAs FRSATY. mAHeF,
oA A0 BEET} epoxy T8 A FFE
A e ALZ U7 Wi, A0 =
Ao A ALt S0 RETS EA3Ich
Fig. 9% Fig. 10& Z+z}t S
o Zra A FHE vEpTh 2
A

Azl 59 Fog RN 93 Sxst

o 4y M B o

ofr
Lo

1=

A e 274

1

1,

dy
H

Me
rx
2
R
e
o
=
2o
ox

=

2 4
O o o o~
ol
ok

A
i)
4
S

O
E
N
3
o
>
«
L
)
o

N
N
K2}
=

2
o
fu
29

fd ot
_?{_1‘

al
Jow, vp7bAR S0
A= F345 dIE epoxye
5 1F9 gz o
t AHRZREH T2
S gAAT9
= =2

@
[

PhUNuS Lo

NI TR
B
g0
2

iy
N

o
.

30 LN

£
o,
v
o

N
o
_?L

M
b
41
X

il
O )y o6 ook ox D H oox 10 dle ox oW A KT Jm

™y

glom, webA S0
e ol epoxy] BE

o o o

ﬁ}ﬂ

T AU J 1 S RS A S e
u&}l-iNrﬂﬁr"

X

N
fru
o
B
N
z
S
_?L
ool
X
i)
¥
2 ot
3
2 2 [o
Hoox &l

i

s,
[e]
a
e}
o
>
«
d
oX,
gt

2150
’\5 2130
£
22110 |
5 Epoxy : 11.2Gpa
[ .
> 2090 [ Epoxy : 6.3Gpa
3 Epoxy : 3.94Gpa
pE
o 2070

2050

0 0.05 0.1 0.15 0.2

Frequency (MHz)

Fig. 9 Phase velocity of SO mode for various elastic
modulus of epoxy

0.02
Epoxy : 11.2Gpa
E 0.015 r Epoxy : 6.3Gpa
) Epoxy : 3.94Gpa
z
c
oS 0.01
3
3
[~
g
£ 0.005
0
0 0.05 0.1 0.15 0.2
Frequency (MHz)
Fig. 10 Attenuation of SO mode for various elastic
modulus of epoxy
= Ao adHd Ao AddE

TAE 95 =R AL g 2= 3

E dYqezhyg 73 £=

AE FdsHT &2
b AT 7 B A4S uEeR JE B
9l A0 2=9F S0 2=9] AFol epoxy F49
=40 WA FEFES BAAI, o]2RH T
=3 2L AES 48 F I
(1) A0 Z=9] 3% epoxy 5 FAV wA&=
[ex]

i
=
() S0 mEe] A9 2F AWF cpoxy F



40

®)

A

LN

-

il

32
gy for rfe

=Y
Kl

(1]

(2]

(3]

(4]

(3]

A2 S0 REQ AZ
O|ZHE R Axe T
Wsls gX3tax & 79l

£8% Aow FuHTH

g

o =
ATE AN stEATALAY (A
PK-2011-65)2] <AH] 2| el 23 3=
Yt
=4

J. G. Teng, J. F. Chen, S. T. Smith and L.
Lam, "FRP-strengthened RC structures,” John
Wiley & Sons Inc., USA (2002)

O. Biiyiikoztirk and T. Yu "Understanding

and assessment of debonding failures in

FRP-concrete systems," Proceedings of 7th
International Congress on Advances in Civil
Engineering, Istanbul, Turkey (2006)

B. Akuthota, D. Hughes, R. Zoughi, J. Myers
and A. Nanni "Near-field microwave detection

of disbond in carbon fiber reinforced polymer

composites used for strengthening cement-
based structures and disbond  repair
verification," Journal of Materials in Civil

Engineering, Vol. 16, No 6, pp. 540-546 (2004)
M. Ekenel, V. Stephen, J. J. Myers and R.
NDE of RC beams

strengthened with CFRP laminates containing

Zoughi, "Microwave

surface defects and tested under cyclic

loading," Proceedings of 1 6" World Conference
on Nondestructive Testing, Canada
(2004)

M. Castaings, B. Hosten and D. Francois,

Montreal,

"The sensitivity of surface guided modes to

the bond quality between a concrete block

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

and a composite plate," Ultrasonics, Vol. 42,
pp. 1067-1071 (2004)

K. Luangvilai, W. Purunai and L. Jacobs,
"Guided Lamb wave propagation in composite
plate/concrete component," Journal of Engineering
Mechanics, Vol. 128 No. 12, pp. 1337-1341
(2002)

S. Kim, C. In, K. Cronin, H. Sohn and K.
Harries, "Reference-free NDT

debonding detection in CFRP-strengthened RC

technique for

dtructures," Journal of Engineering Mechanics,
Vol. 133, No. 8, pp. 1080-1092 (2007)

B. D. Agarwal, L. J.
Chandrashekhara, "Analysis and Performance
of Fiber Composites,” John Wiley & Sons
Inc., USA (2006)
SIKA®  CarboDur”
http://www.sika.com.au/
M. J. S "Matrix
modeling ultrasonic

IEEE Transactions

Broutman and K.

Product Data  Sheet,

Lowe, technique for

waves in multilayered

media," on Ultrasonics,
Ferroelectrics,
42(4), pp. 525-542 (1995)

B. Pavlakovic and M. J. S. Lowe, "DISPERSE:
A System for Generating Dispersion Curves
(User Manual),"
Engineering,
London (2003)
B. Reeve,
CFRP geometry on the behavior of externally
bonded CFRP
monotonic loads," MS thesis, Department of
Civil
University of Pittsburgh (2005)

and Frequency Control, Vol.

Department of Mechanical

Imperial College, University of

"Effect of adhesive stiffness and

retrofit measures subject to

and Environmental Engineering,

FeM, T, i, "eAdRReR B
A BAE AoEAZE FAY AW &

AE", ojerEE}3]
443-452 (2007)

A. Zom "Effect of adhesive
CFRP geometry on the behavior of externally
bonded CFRP
fatigue loads,"” MS thesis, Department of Civil

=7, 2778 3A%, pp.

stiffness and

retrofit measures subject to
and Environmental Engineering, University of

Pittsburgh, PA, USA (2006)



